Objective: The study was aimed at determining deviations in locomotor behavior and in levels of its regulators (serotonin, noradrenaline, and corticosterone) at the critical periods in rats of the genetic catatonia (GC) strain. Methods: The rat pups of GC and Wistar strains of different ages ranging from 1 to 14 days were tested by motor subsystem test. The following parameters were accounted: head movements, body movements, locomotion (pacing), immobility time, asymmetric postures during immobility periods, falls onto the back, retropulsions, body tremor, and swimming-like movements. Brain monoamine levels and corticosterone in blood plasma were assayed. The body and organ weights were measurement. Results: Preceding signs of catatonia have been noted in postnatal development in GC pups: (a) the prevalence of dyskinetic movements in the first days; (b) reduction in motor activity; (c) imbalance between the brain serotonin and noradrenaline levels; (d) increased plasma corticosterone concentration; (e) underweight at 1, 7, 10 and 14 days during early development, and the relatively larger weight of the brains and kidneys in GC rats compared with Wistar control. Conclusion: The entire range of observed abnormalities in the behavioral, neurotransmitter, hormonal, and general physical systems may be viewed as prodromal signs of catatonic reactions in GC rats.
INTRODUCTION
The study of progeny of mentally ill people is of great importance for identifying predictors of psychiatric disorders in adults. To date, information has been collected on early signs of increased predisposition to mental illness in the offspring. In particular, these signs include increased sensitivity and hyperactivity, disorganization of postural motor development, impaired motor coordination and balance, underweight [1] [2] [3] . All these abnormalities may be considered as markers of genetically determined defects in various mental disorders, including catatonic ones. Catatonia (from the Greek katatonos, meaning stretching tight) is a psychopathological syndrome manifested in movement disorders. Currently, catatonia is not recognized as a separate disease, but is associated with psychiatric disorders such as schizophrenia (catatonic type), bipolar pathology, affective disorders, depression, and a number of other diseases [4] [5] [6] [7] [8] .
Selective-breeding models have proven to be very useful for understanding the development of catatonia in adults. Selectively bred rats of the genetic catatonia (GC) strain show the entire catatonic spectrum, including motor freezing ( Fig. 1 ) and increased arousal [9] [10] [11] . Numerous studies have shown that GC rats have a genetic predisposition to catatonic behavior in adulthood [12] [13] [14] . However, it is still unclear at which developmental stage behavioral abnormalities first occur and what can serve as predictors of these deviations. Therefore, an analysis of postural motor reactions in GC pups is of great importance. Catatonia is associated with brain dysfunction. There is a large body of information on the participation of the brain monoaminergic systems and their regulation by glucocorticoids during neonatal development [15] [16] [17] [18] [19] . Critical points in the locomotor network in the early period were identified as a transition to a new adaptive type [20] [21] . The study was aimed at determining deviations in locomotor behavior and in levels of its regulators (serotonin, noradrenaline, and corticosterone) at the critical periods in GC rats.
MATERIALS AND METHODS

Animals
One part of the pup rats of the GC strain of the 75th generation (97 pups from 11 litters) and the Wistar strain (65 pups from 8 litters) of both sexes were used to study motor activity at the age of 1-14 days; the other part was used for biochemical analysis (80 males of both strains from different litters). A total of 242 animals were used in the experiments.
Females with offspring were kept in individual cages at a comfortable temperature, under natural illumination, and with free access to water and feed. Behavioral experiments were conducted from 14:00 p.m. to 18:00 p.m. All experimental procedures were carried out in accordance with the European Communities Council Directive of November 24, 1986 (B6/609/EEC).
Experimental design
Behavioral and biochemical experiments were performed. Tests of the Motor Subsystem were carried out on pups from 11 litters (6-12 pups per litter) of GC rats and 8 litters (6-12 pups per litter) of Wistar rats. The litters were tested every day. In order to avoid the effect of stress associated with the experiment on neonatal behavior, each litter was divided in 3 parts so that pups from the same litter were taken for test no more often than once in three days.
Pups of GC and Wistar rats aged 1, 7, 10 and 14 days were used for biochemical analysis and for measurement of the body and organ weight. Each group contained 10 males. After decapitation, blood was collected in EDTA tubes, and the bodies and organs (brain, heart, lungs, liver, and kidneys) were weighed.
Test of the Motor Subsystem
A pup was placed to the center of a 20×30 cm platform, tail to the experimenter. The temperature of the platform was maintained at 30-35°С, as in a nest with pups. Behavior was recorded with a video camera Panasonic for 1 min. The following parameters were accounted: head movements, body movements, locomotion (pacing), and immobility time. Also, asymmetric postures during immobility periods, falls onto the back, retropulsions, body tremor, and swimming-like movements were recorded in pups on postnatal days 1-2.
Brain Monoamine Assay
Animals were rapidly decapitated. Hemispheres (anterior part) and brainstem (midbrain and medulla oblongata) were isolated, frozen in liquid nitrogen, and stored at -80°C. Prior to the assay, the samples were weighed and homogenized in cool HCl-butanol. The homogenates were centrifuged in an A-4-81 Eppendorf rotor at 2000 rpm and 4 °C for 10 min. A volume of 2.5 ml was placed to a test tube with 0.1 ml of 0.01 N hydrochloric acid and extracted as in [22] [23] . A volume of 0.1 ml of 0.01 N hydrochloric acid was taken as a blank. Standard solutions: 0.1 ml volumes of stock solutions of serotonin (5-HT), 5-hydroxyindolylacetic acid (5-HIAA) and noradrenaline (NA). Fluorescence was recorded on a Perkin Elmer Victor 1420 fluorometer (United States) at 355/460 nm. Monoamines were assayed on postnatal days 1, 7, 10, and 14.
Assay for corticosterone level
Corticosterone was assayed in blood plasma by RIA with [1,2,6,7-3 H] corticosterone (Amersham) and corticosterone antiserum (Sigma-Aldrich). Radioactivity was measured with a LS-6500 fluid scintillation.
Measurement of the body and organ weight
Rats of the Wistar and GC strains were weighed at the age of 1, 7, 10, and 14 days. After decapitation, rat organs (brain, heart, lungs, kidneys and liver) were weighed.
Statistical analysis
All results were presented as mean±SEM.
Motor behavior in rats aged 3-14 days and the concentrations of monoamines and corticosterone in the neonatal period were analyzed using two-factor ANOVA and post-hoc comparisons with the Newman-Keuls test. In the case of a normal distribution, the statistical significance of differences between groups was evaluated by Student's t-test. Differences between the proportions of two samples were assessed by Fisher's test. Analysis of the results was performed using STATISTICA 6.0 software.
RESULTS
Behavior
The motor activity in pups of both strains was low in the first two days of postnatal life. They were motionless for most of the test time. Movements were uncoordinated. Body tremor and imbalance, which cause falls onto the back, were frequent. Wistar pups placed to the open area most often assumed the posture with tucked-up legs ( Fig. 2A) . Legs of GC pups were extended sideways, and they had to do retropulsions (backward movements) to ball them (Fig. 2B ). In addition, GC pups assumed asymmetric postures when immobile more often than Wistar ones (p < 0.05) ( Table 1 , Fig. 2 ). Their predominance is related to impaired balance and coordination in the first two postnatal days.
Generally, pups of the catatonic strain showed a greater motility (p<0.001) and lesser time of immobility (p<0.001) in the first two days of postnatal development than control animals ( Fig. 3) . Total 21% 71% ***
The differences between GC and Wistar pups are statistically significant at * p<0.05; *** p<0.001 according to the φ-test.
The motor activity of pups older than 2 days was assessed by the following parameters: head movements, body movements, locomotions, and immobility time in the test.
The results of two-way analysis of variance, where genotype and age are the independent variables, for pups at ages from day 3 to 14 are shown in Fig. 3 . A significant influence of the genotype and age on all kinematic variables was demonstrated: head movements (F 1,534 = 7.4, p < 0.001 and F 1,534 = 35.6, p < 0.001), body movements (F 1,534 = 92.9, p < 0.001 and F 1,534 = 37.9, p < 0.001), locomotions (F 1,534 = 10.2, p < 0.01 and F 1,534 = 18.0, p < 0.001), and immobility time (F 1,334 = 61.2, p < 0.001 and F 11,334 = 30.1, p < 0.001). The main effects of the GC genotype were the reduced motor activity and longer immobility time in the test (Fig. 3 ).
The main age-related changes are the increased motor activity and decreased immobility time in the test. In addition, the genotype and age variables were shown to interact in the influence on body movements (F 11,534 = 3.9; p < 0.001) and locomotions (F 11,534 = 2.9; p < 0.001). Thus, age-related changes have strain-specific features. They manifest themselves as mismatches of the motor activity peaks in terms of body movement and locomotion indices.
The maximum motor activity in GC pups was recorded on day 8 (F 1,488 = 13.3, p < 0.001 and F 1,488 = 6.8, p < 0.01), one day earlier than in control Wistar animals, where it was recorded on day 9 (F 1,488 = 4.4, p < 0.05 and F 1,488 = 4.9, p < 0.05).
Serotonergic System
The activity of the serotonergic system was judged from the contents of 5-HT and its major metabolite, 5-HIAA and from the serotonin turnover index. Fig. 4 shows the contents of 5-HT and 5-HIAA in the hemispheres and brainstem at various ages.
Fig. 3. Motor activity variation in GC and Wistar pups from postnatal day 3 to 14
The differences between strains are significant at * р < 0.05; ** p < 0.01; *** р < 0.001.
Two-way analysis of variance with genotype and age as independent variables revealed effects of genotype (F 1,66 = 5.0, p < 0.05) and age (F 3,66 = 87.2, p < 0.001) on the serotonin level in brain hemispheres and absence of interactions between these variables. The main effect of genotype was that the serotonin level in the brain hemispheres of GC pups was lower than in Wistar ones. The main effect of age was that an increase in serotonin level in the hemispheres was recorded on day 14 in both strains. Serotonin levels in the hemispheres varied with age in the same direction in both strains. The post hoc comparison accompanying the two-way analysis revealed a lower serotonin content in hemispheres on day 14 (p < 0.001), and a comparison of the strains according to the Student t-test showed that the content of this neurotransmitter in GC pups was lower than in control animals even on day 1 (Fig. 4A ).
The level of serotonin in the brainstem was found to depend on age (F 3,63 = 55.3, p < 0.001). The effect of genotype was a mere trend (F 1,63 = 3.4, p = 0.07) without variable interaction (F 3,63 = 0.6, p > 0.05). The main effect of age was an increase in serotonin level in the brainstem in both strains on day 14 (p < 0.05). Serotonin levels in the brainstem varied with age in the same direction in both strains. The post hoc comparison accompanying the two-way analysis revealed a lower serotonin content in the brainstem of GC pups on day 14 (p < 0.05) in comparison to Wistar ones (Fig. 4B ).
The level of 5-HIAA in brain hemispheres depended significantly on age (F 3,63 = 58.1, p < 0.001) but not on genotype (F 1,63 = 0.7, p > 0.05) or interaction of these variables (F 3,63 = 0.4, p > 0.05). The main effect of age was that the 5-HIAA contents in brainstems of both strains increased on day 7 and then decreased. The levels of 5-HIAA in brain hemispheres varied with age in the same direction in both strains. No difference between strains in 5-HIAA content was found (Fig. 4C ).
The level of 5-HIAA in the brainstem was significantly affected by age ( analysis revealed a lower 5-HIAA level in the brainstem of GC pups (p < 0.05) on the day 7. Comparison of the strains according to the Student t test showed also a lower 5-HIAA level in GC pups on day 1 (p < 0.05) than in Wistar control animals (Fig. 4D) .
The serotonin turnover index in the hemispheres, defined as the 5-HIAA/5-HT ratio, is shown to be affected significantly by age (F 3,63 = 45.0, p < 0.001) but not by genotype (F 1,63 = 0.5, p > 0.05). No interaction of the variables was observed (F 3,63 = 0.6, p > 0.05). The main effect of age was an increase in serotonin turnover by day 7 followed by a decrease in both strains.
The serotonin turnover index in the brainstem depended on age (F 3,63 = 27.3, p < 0.001). Neither genotype (F 1,63 = 2.3, p > 0.05) nor interaction of the variables (F 3,63 = 2.2, p > 0.05) affected it. The main effect of age was an increase in the index on days 7 and 10 followed by a decrease in both strains. An a priori two-way analysis showed a reduced serotonin turnover on day 1 in GC pups vs. Wistar ones (F 1,63 = 5.2, p < 0.05).
Thus, neonatal GC pups demonstrate a reduced activity of the serotonergic system of the brain. It involves reduced serotonin levels on days 1 and 14 in the hemispheres and on day 14 in the brainstem, reduced 5-HIAA levels on days 1 and 7 in the brainstem, and a reduced serotonin turnover index on day 1 in the brainstem of GC pups in comparison to Wistar ones. These differences are accompanied by a deficiency of coordinated movements and asymmetric postures and by reduced motor activity.
Noradrenaline
Results of NA measurements in the hemispheres and the brainstem in rats of the two strains at different time points of neonatal development are shown in Fig. 5 . Two-way analysis of variance with genotype and age as independent variables revealed effects of genotype (F 1,65 = 25.5, p < 0.001) and age (F 3,65 = 9.8, p < 0.001) and the interaction between these variables (F 3,65 = 3.4, p<0.05) on the NA level in brain hemispheres. Statistical analysis was shown the age influence (F 3,65 = 12.4, p<0.001) and the interaction of age and genotype factors (F 3,65 = 4.3, p<0.01) on the NA content in the brain stem. Rats of the GC strain were found to have an increased NA level in the cerebral hemispheres on days 10 (p<0.001) and 14 (p<0.01) and in the brainstem on day 10 (p<0.001), as compared with control animals of the same age.
Corticosterone
The age dynamics of the corticosterone level in the blood of GC and Wistar rats was analyzed (Fig. 6) . Two-way analysis of factors genotype and age revealed effects of genotype (F 1,13 = 4.89, p < 0.05) and age (F 3,13 = 21.6, p < 0.001) and the interaction between these variables (F 3,13 = 7.1; p<0.01) on the corticosterone level in blood. On the first postnatal day, an increase of this hormone was observed in both strains. On days 7 and 10, the corticosterone content decreased, and on 14 th day, it increased to the level as in adult animals. On day 14 of postnatal life interstrain differences were found: in GC rats, the corticosterone content was higher than in that Wistar rats. 
Morphometry
At four points of ontogeny (days 1, 7, 10, and 14), a weight loss was observed in GC rats compared with the control (Table 2 ). The brain, heart, lungs, kidneys, and liver were also weighed. Recurring differences in the relative weight index (ratio of the organ weight to body weight) of the brain and kidneys were identified in catatonic animals. An increase in the brain weight index was found on days 1, 7, and 10, and an increase in the kidney weight index on days 7, 10, and 14.
DISCUSSION
Behavior
Rat pups are born naked and blind, with non-structured brain, underdeveloped limbs, and a short tail. The development of these animals is reflected in movements. During the first postnatal days in rodents, the descending projections of motor neurons from the brainstem reach only the cervical and thoracic spinal cord, and motor activity is therefore characterized by long periods of motor freezing, sporadic movements, and head rotations [20, [24] [25] [26] . In GC rats tested on the first and second days, a larger number of dyskinetic movements with impaired coordination and balance were observed than in the parental Wistar rats. They also exhibited a greater number of swimming movements, in which the rats made paddling motions with their paws and whole-body sliding on a surface. Wistar animals of the same age remained motionless. As a result, in the first postnatal days, GC pups had more movements and, hence, a shorter period of immobility compared with the parental Wistar population. The greater number of dyskinetic movements in the very early neonatal period indicates a delay in the development of tonic postural reflexes in catatonic rats.
Fig. 6. Corticosterone level of GC and Wistar rats at critical points
The difference between strains is significant at * p<0.05. The differences between GC and Wistar strains are statistically significant at * p<0.05; ** p<0.01; *** p<0.001 according to the Student's t-test.
Tremor and myoclinic jerks are also classified as dyskinetic motions [27] . In GC rats, we more often observed body tremor, which is a manifestation of excitatory reactions. Myoclinic jerks were rarely observed both in the earlier stages in pups and in breeding adults [13] . Increased motor activity in catatonic rats in the first postnatal days may involve emotional features. GC rats were more sensitive to the cessation of tactile and olfactory contacts with the mother, littermates, and the maternal nest after relocation to unfamiliar surroundings. Motor responses in pups evoked by the odor of the mother and nest has been described in the literature [28, 29] . The increased occurrence of tremor and other dyskinetic movements, on the one hand, and the reduced number of myoclinic jerks, on the other hand, may reflect the bipolar behavior in adult GC rats [9, 30] and may be viewed as prodromal signs of catatonia-like behavior.
The measured motor parameters, i.e., head and body movements and the level of locomotion, were lower from the 3rd to 14th days in catatonic rats than in controls. The observed interstrain differences in motor reactions are most likely due to the difference in the rates of maturation of the neural systems in the neonatal period [31] . As is shown in the present work, the GC maturation is altered by and correlated with disturbances in the serotonergic and noradrenergic systems.
Serotonin
In the neonatal period of development (from the 1st day to the 14th day) GC rats showed signs of relative immaturity and a reduced activity in the serotonergic system of the brain as compared with control Wistar pups. The data indicate lower levels of 5-HT and 5-HIAA and a lower brain metabolism index in GC rats after birth and during the observation period. It is known that serotonin plays an important role in the development of coordinated limb movements and posture in the rat [32, 33] . It has been reported that application of 5-HT to spinal cord preparations induces locomotor rhythm in neonatal rats, and administration of 5-HT 2 receptor agonists restores locomotion after neonatal spinal cord transection [34, 35] . According to literature data, a decrease in brain serotonin level leads to an increase in the number of asymmetrical postures and dyskinetic movements in neonatal rats [36] [37] [38] . Our data are consistent with the above results: an increase in the number of dyskinetic postures and movements and the higher incidence of tremor in GC rats were accompanied by a reduction in brain serotonin. We suggest based on the literature and our data that behavioral abnormalities in GC rats are associated with a delay in the development of the brain serotonergic system and its low activity compared with Wistar animals.
Noradrenaline
Neonatal GC rats had an increased NА content in the hemispheres and the brainstem. Increased release of NА in early development has also been reported in another model [39] . In the same period, GC animals showed reduced motor activity. Experiments on the isolated spinal cord have demonstrated that NА is an important modulator of locomotor activity in mammals [40] [41] [42] . This neuromodulator slows down the locomotor rhythm, and we suggest that the increased brain NА content determined in our study inhibits locomotor activity in catatonic rats.
Corticosterone
The period from the 2 nd to the 14 th day of development in rats is considered hyporesponsive [43, 44] . During this period, glucocorticoids, although in a minimal quantity, are involved in the regulation of neuronal growth, synaptogenesis, and myelination [45] [46] [47] . However, until the 10 th day of development, the adrenal glands, as the main site of glucocorticoids synthesis, had reduced sensitivity to various external stimuli. In Wistar and GC pups, the blood corticosterone level was increased on the first day after birth compared with that at the next two successive points -days 7 and 10. Similar findings have been reported previously [48] [49] . However, on the 14 th postnatal day, we found an increase in plasma corticosterone in GC rats and certain interstrain differences in this parameter characteristic of adult Wistar and GC rats [50] .
Morphometry
Certain interstrain differences were also observed in weight parameters. In newborn GC rats, the body weight was lower than that in Wistar control, and this difference only increased with age [51] . Underweight of newborn GC rats and reduced motor activity in the early neonatal period indicate a delay in the physical development of rat pups in the catatonic strain. However, interstrain differences in brain weight were not found. Apparently, the brain of GC rats develops normally, while the physical development of GC rats is delayed compared to Wistar rats. Weight analysis of the examined organs in development (brain, heart, lungs, kidneys, and liver) revealed differences in the kidney weight index. The relative weight of the kidneys in GC rats was higher than that in Wistar on postnatal days 7, 10, and 14. In adult animals of the GC strain, high blood pressure was found throughout the breeding period [12] , and we suggest that hypertension common in these animals could affect the kidney weight during early development. Body underweight, increased kidney weight, and elevated corticosterone concentrations in neonatal GC rats may be considered as prodromal signs of catatonia.
Thus, the following parameters have been noted as predictors of postnatal development in GC rats: (a) the prevalence of dyskinetic movements in the first days; (b) reduction in motor activity; (c) imbalance between the brain serotonin and noradrenaline levels; (d) reduced plasma corticosterone level; (e) underweight at all investigated points during early development, and the relatively larger weight of the brain and kidneys in GC rats compared with Wistar control. The entire range of observed abnormalities in the behavioral, neurotransmitter, hormonal, and physical systems may be viewed as prodromal signs of catatonic reactions in GC rats.
New obtained data allow us to approach the understanding of the possible mechanisms underlying such pathologic state as catatonia. The found abnormalities in pups lead to long-term severe consequences in adult GC rats manifesting catatonic reactions. Further, it is possible to try to change the structure of motor responses in neonatal using pharmacological agents that act on neurotransmitter and hormonal systems of these animals. Since the first symptoms of catatonia may occur long before the disease itself, consequently, it is important to keep track of the infants having records catatonic disorders in a family history. Early diagnostics may show deviations in posturalmotor system and biochemistry that could be corrected with pharmaceuticals. The GC rats are the natural selection model of catatonia and could be used to develop optimal methods of correction and preventive treatment of catatonic reactions in early postnatal ontogenesis.
